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Abstract:    This study evaluated the effects of comorbid disorders of diabetes and hyperthyroidism in the adult male 
mice. In total, 32 ICR strain mice were equally distributed into four groups: control (C), diabetic (D), diabetic-plus- 
hyperthyroid (DH), and hyperthyroid (H). Mice allocated for diabetes received a single intraperitoneal injection of 
streptozotocin (STZ) at 200 mg/kg body weight. At the onset of diabetes, one group of mice was concomitantly injected 
levothyroxine (LT4; 0.3 mg/kg body weight) and the other set of animals received the same treatment independently on 
a daily basis. The body weight, as well as the testicular and epididymal weights, was reduced markedly in D and DH 
mice. Higher trends of blood glucose levels were seen in the DH group, in comparison to euthyroid diabetic mice. 
Thyroid hormones could exert a transient effect on blood glucose homeostasis by altering the serum blood glucose 
level in diabetic patients. Histomorphometric analysis showed increased luminal sizes of seminiferous tubules, along 
with decreased epithelial height and atrophic changes in germinal stem cells in the testis of DH and H mice. Caput 
epididymis of DH mice showed extensive compaction of principal cells, loss of stereocilia, lipid vacuolization, and 
inflammatory infiltrations; however, damaged tubular integrity, packed clear cells, exfoliated cells, and round sperma-
tids were profoundly noticed in the cauda epididymis. Hyperthyroidism elevated the serum testosterone levels in H and 
DH mice and produced critical damages to the histoarchitecture of the epididymis. Collectively, this experiment en-
deavored to mimic the polyglandular autoimmune syndrome, which will be helpful to better understand the reasons for 
male infertility in diabetic-cum-hyperthyroid patients. 
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1  Introduction 
 

Diabetes mellitus (DM) and thyroid dysfunction 
(TD) are the most common endocrine disease conditions 

affecting not only the human population (Kadiyala  
et al., 2010; Duntas et al., 2011) worldwide, but also 
many animal species (Taniyama et al., 1993; Hoenig, 
2002; Lederer et al., 2009; Singh and Beigh, 2013; 
Hoenig, 2014). Both metabolic manifestations have an 
underlying pathology, intersecting with one another 
through disorders of insulin and thyroid hormones. 
Modulation of insulin sensitivity and feedback of thy-
roid hormones are controlled centrally at 5'-adenosine 
monophosphate-activated protein kinase (AMPK) 
(Goglia et al., 1999). The concomitant presence of 
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TD and DM may be due to an overlap between the 
autoimmune syndromes exemplified in polyglandular 
autoimmune syndrome type 2, in which type 1 DM 
and Hashimoto’s disease are among the most fre-
quently observed complications (Betterle et al., 2002). 
Reduced fertility and poor sperm quality have been 
observed in patients with type 1 DM (Mulholland  
et al., 2011). Nuclear and mitochondrial damages 
have been seen in human sperm samples obtained 
from diabetic males (Agbaje et al., 2007), suggesting 
that hyperglycemia may cause oxidative stress and 
free radical damage to sperm DNA. Correspondingly, 
thyroid hormones, most notably triiodothyronine (T3), 
were reported to have a significant influence in the 
regulation of Sertoli cell proliferation and differenti-
ation during testicular development encompassing the 
assembly of the blood-testis barrier (van Haaster et al., 
1993; de Franca et al., 1995). Moreover, T3 is also 
reported to bring around Leydig cell differentiation 
and stimulation of steroidogenesis in the testis of rats 
(Mendis-Handagama and Siril Ariyaratne, 2005). 

The coexistence of and relationship between TD 
and DM have been addressed by many researchers 
(Wu, 2000; Betterle and Zanchetta, 2003; Betterle  
et al., 2004; Barker et al., 2005; Blois et al., 2010; 
Hage et al., 2011; Shaikh et al., 2014). The effects of 
these concurrent conditions on different systems of 
the body have been discussed only as retrospective 
studies on the basis of some naturally occurring 
clinical case records in humans, but the data were 
found lacking in the context of research trials into 
such a syndrome and its effects on reproductive health. 
Only few authors have highlighted the role of thyroid 
hormones in the development of testis and spermat-
ogenesis during adulthood (Zamoner et al., 2007; 
Sahoo et al., 2008). Considering the situation, this 
study was planned to mimic such a polyglandular 
complication by inducing DM concomitantly with 
hyperthyroidism through injections of streptozotocin 
(STZ) and levothyroxine (LT4). The effects of these 
comorbid metabolic manifestations were investigated 
individually in controlling diabetic and hyperthyroid 
animals; however, these disorders were simultane-
ously induced in the same experimental animals to 
observe their effects on the morphology of testes and 
epididymides, along with quantitative estimation of 
some endocrine hormones. 

 

2  Materials and methods 

2.1  Ethics statement 

The experimental protocols involving mice were 
conducted in accordance with the Guide for the Care 
and Use of Laboratory Animals prepared by the In-
stitutional Animal Care and Use Committee of Nan-
jing Agricultural University, China. 

2.2  Animals and treatments 

Thirty-two young healthy male mice of ICR 
strain (Institute of Cancer Research, Philadelphia, 
USA; species Mus musculus) (Hayashi et al., 2006) at 
6 weeks of age with average body weight of 30–35 g 
were purchased from Qinglongshan Laboratory Ani-
mal Company (Nanjing, China). The mice were kept 
in a room with controlled temperature (21–22 °C), 
lighting (12-h light, 12-h dark), and humidity (65%– 
70%). All mice were tagged and initial body weights 
were recorded. Mice were fed with standard bal-
anced mouse pellets, and drinking water was given 
ad libitum. 

Our experiment has 5-week duration and started 
when the mice were 6 weeks of age. The mice were 
divided into four groups: control (C), diabetic (D), 
diabetic-plus-hyperthyroid (DH), and hyperthyroid 
(H), each comprising eight replicates. Nonfasting blood 
glucose levels of all mice were measured through tail 
vein puncture by using the Sannuo rapid blood glu-
cose meter (Sinocare Inc., Changsha, China). Body 
weights, along with feed and water consumption, of 
all groups were recorded on every alternate day. 
Mouse litter was changed twice a day to provide dry 
bedding, particularly for polyuric animals with ke-
tonic smell. Feed index (grams per 10 g) and water 
index (milliliters per 10 g) were calculated for each 
group as follows: food consumption index=total food 
consumed per day/body weight×10; water intake index= 
total water intake per day/body weight×10. Relative 
testis/body weight ratio (%) was calculated using  
the following formula: weight of testes/total body 
weight×100%. 

Mice allocated for induction of DM were kept 
off feed for 12 h (only water was allowed). STZ was 
dissolved in cold citrate buffer (pH 4.4) for immediate 
use within 20 min. Mice of groups D and DH were 
given a single intraperitoneal injection of STZ at the  
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dose of 200 mg/kg body weight (Hayashi et al., 2006); 
they were additionally offered 10% (0.1 g/ml) sucrose 
in place of water on the first day of injection just to 
prevent them from hypoglycemic shock, which was 
replaced by fresh water on the next day. Nonfasting 
blood glucose was examined through tail vein punc-
ture 3–5 d after STZ injection. Mice with random 
blood glucose level >17 mmol/L (normal: random 
7.1–8.2 mmol/L) were considered diabetic. The mice 
of the DH and H groups were intraperitoneally in-
jected with LT4 (0.3 mg/kg body weight) (Kung and 
Ng, 1994; Chandra et al., 2010; Kim et al., 2012) on a 
daily basis till the end of the experiment. The ex-
perimental mice were kept without any type of re-
versal treatment such as insulin or methimazole, 
throughout the study period. 

2.3  Sample collection 

After weighing the animals, blood samples were 
collected from mice anesthetized with halothane 
through the orbital artery, and mice were euthanized 
by decapitation. The paired testes and epididymides 
were weighed and then the left testis and epididymis 
were fixed in 4% (0.04 g/ml) paraformaldehyde for 
histomorphological analysis. The blood samples were 
centrifuged at 4000g for 10 min to retrieve sera and 
stored at −80 °C until further use. 

2.4  Measurement of serum hormones 

The levels of thyroid-stimulating hormone (TSH) 
and insulin (µIU/ml), thyroxine (T4), T3, and testos-
terone (ng/ml) were determined by commercial radio 
immunoassay (RIA) kits (Shanghai University of 
Traditional Chinese Medicine, Shanghai, China) at 
the General Hospital of the Nanjing Military Com-
mand, Nanjing, Jiangsu, China. 

2.5  Histomorphology under light microscope 

The fixed tissues were dehydrated through a 
graded series of alcohol, cleared in xylene, and em-
bedded in paraffin. Sections (5-μm thickness) were 
cut perpendicular to the longest axis of the testis and 
epididymis, mounted on glass slides, and stained with 
hematoxylin and eosin (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China). Ten seminiferous 
tubules (STs) of the testis from each replicate were 
evaluated, under 100×, 400×, and 1000× magnifica-
tions, according to the method of Navarro-Casado  

et al. (2010). Similarly, epididymal tubules were 
examined in the proximal caput, and measurements 
were conducted horizontally from one edge to the 
next for all visible tubules; however, all apparent 
tubules were evaluated in the distal cauda region. 
Three independent observers unaware of the slide 
identity were asked to observe and report histomor-
phological changes. Germ cells, epithelial cells, and 
interstitial spaces were examined, and their diameters, 
extent of epithelial thickening, and size of lumen of 
the tubes were recorded in micrometers. 

2.6  Statistical analysis 

Computations were carried out with SPSS (Ver-
sion 17.0) and Graph Pad Prism (Version 5.0). All 
values were expressed as mean±standard error of the 
mean (SEM). The differences across groups were 
calculated with one-way analysis of variance 
(ANOVA), followed by Tukey’s post hoc test and 
two-way ANOVA by considering Bonferroni post-
tests to compare the means of the replicates, where 
P-values of <0.05 were considered significant. 

 
 
3  Results 

3.1  Weights of body, testes and epididymides, and 
testis/body weight ratio 

The body weight was recorded on alternate days, 
and their mean values are presented on a weekly basis 
(Fig. 1a). Generally, the body weights of diabetic 
mice in the groups D and DH were significantly lower 
as compared to those of the controls. However, the 
mice in group H showed reduced body weight fol-
lowing three weeks of the treatment, compared with 
group C, but the body weight was remain increased in 
comparison to groups D and DH during the whole 
study period. Testicular weight was significantly 
reduced in groups D and DH (26%), while reduction 
in testicular weight in group H (7%) was not statisti-
cally significant compared with control (Table 1). The 
data on testis/body weight ratio revealed markedly 
decreased testicular weight in DH mice in comparison 
to all other groups, with the exception of group H  
(Fig. 1b). The weights of the epididymides were sig-
nificantly reduced in groups D (38%) and DH (26%), 
while in group H (13%), the decrease was not sig-
nificant (Table 1).  
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3.2  Blood glucose levels 

Nonfasting blood glucose levels were noted down 
prior to induction of diabetes and thereafter throughout 
the study period. The results crossing the maximal 
limit (27.8 mmol/L) of the screening device were 
displayed as HI (high). Such high values were mostly 
seen in the replicates of samples from the DH group 
and are presented as 28 mmol/L. Blood glucose level 
was significantly increased in all the diabetic groups 
(D and DH) in comparison to groups C and H (Fig. 2). 
This increase was noticed 3–5 d after STZ injection 
and then remained high throughout the study period. 
However, about 3 weeks after injection, increased 
blood glucose levels were observed in the DH group 
as compared to the euthyroid D group, which further 
concurred with each other.  

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Average random blood glucose level of each group
recorded at different days 
Blood glucose levels of all diabetic mice were increased
compared to the C and H groups. Data are shown from the
time point of STZ injection and thereafter at various days
during the observational period. Each value represents the
mean±SEM (n=8). Different labels indicate significant
(P<0.05) differences among groups 

Table 1  Testicular and epididymal weights and diameters of tubules along with the sizes of their lumens 

Group 
Testes 

weight (g) 
Epididymis 
weight (g) 

Seminiferous 
tubule, epithelial 
cell height (µm)

Seminiferous 
tubule, lumen 
diameter (µm)

Epididymis, 
caput diameter 

(µm) 

Epididymis, 
caput lumen 

diameter (µm)

Epididymis, 
cauda diameter 

(µm) 

Epididymis, 
cauda lumen 

diameter (µm)

C 0.27±0.01a 0.08±0.01a 60.5±1.38a 74.25±2.15a 152.6±3.27a 63.8±2.84a 318.7±5.53a 280.2±5.63a 

D 0.20±0.01b 0.05±0.01b 50.4±1.46b 114.20±2.91b 120.2±2.00b 72.2±2.36a 272.7±9.48b 228.5±6.01b 

DH 0.20±0.01b 0.06±0.00b 56.7±1.50b 91.80±2.59c 103.9±1.98c 66.7±3.43a 193.7±9.77c 121.2±12.92c

H 0.25±0.00a 0.07±0.00a 55.0±1.71b 98.80±3.20c 139.0±5.73d 84.2±2.39b 291.3±8.39ab 251.9±9.32ab

Values are expressed as mean±SEM (n=8). In each column, different labels indicate significant differences among groups for each pa-
rameter at P<0.05 
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Fig. 1  Effects of STZ-induced diabetes and hyperthyroidism on average weekly body weight (a) and testis/body weight 
ratio (b) in adult mice 
(a) Body weights were significantly decreased in all diabetic groups (diabetic (D) and diabetic-plus-hyperthyroid (DH)) from 7 
to 11 weeks of age compared with control (C) and hyperthyroid (H); (b) The least testis/body weight ratio was noticed in the 
DH group. The values are expressed as the mean±SEM (n=8), and different labels indicate significant (P<0.05) differences 
among groups. The label “ab” at 7 weeks of age represents the D group 
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3.3  Food and water consumption 

Fig. 3a represents the average food consumption 
index, which was significantly increased in the D 
(83%), DH (133%), and H (101%) groups of mice 
compared with that in the C group, while no major 
difference was established among the mice in the D 
and H groups. However, the feed consumption ratio 
of mice in the DH group was significantly higher 
(27%) than that in the D group of mice. The average 
water utilization index was found to be elevated in the 
mice of the DH group (274%), followed by those in 
the D (197%) and H (96%) groups, compared with the 
mice in the C group (Fig. 3b). Our experimental 
findings indicate that hyperthyroidism augments food 
and water consumption when it is induced concomi-
tantly with diabetes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.4  Serum hormonal profile 

Fig. 4a depicts that nonfasting serum insulin 
level was considerably decreased in DH mice, com-
pared with the C and H groups; however, it was sig-
nificantly decreased in the D group than in the C 
group. Hyperthyroidism significantly augmented the 
serum testosterone levels (Fig. 4b) in the H and DH 
groups in comparison to the C and D groups; however, 
serum testosterone levels were found to be reduced in 
diabetic mice compared with all other experimental 
animals. The total serum TSH level showed no sta-
tistical difference among the D, DH, and C groups; 
however, it was significantly reduced in the H group 
as compared to all other groups, with the exception of 
DH (Fig. 4c). Fig. 4d illustrates that T4 levels were 
significantly reduced in the D group as compared to 

all other experimental animals; however, markedly 
raised values were noticed in the DH and H groups. 
T3 levels were surprisingly low in DH mice compared 
with that in H and C mice, while no apparent change 
was seen between the D and DH groups (Fig. 4e). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.5  Histological evaluation of testicular and epi-
didymal sections 

Histological observation of the testicular sec-
tions of mice showed considerably diminished epi-
thelial height of STs in the D (17%), DH (6%), and H 
(9%) groups, compared with the control. The sizes of 
lumina of these tubes were found to be critically in-
creased, with a low cell density in the testes of D mice 
(54%), followed by H (33%) and DH (24%) mice, 
while variation among DH and H mice was not sig-
nificant (Table 1 and Figs. 5 and 6). Panels D, D1, D2, 
and DH of Fig. 5 depict amorphous material and 
edema in the interstitial connective tissues in all dia-
betic groups. Furthermore, distortions of the seminiferous 

In
su

lin
 (

µ
IU

/m
l)

T
es

to
st

e
ro

ne
 (

ng
/m

l)

T
S

H
 (

µ
IU

/m
l)

T
4

 (
n

g/
m

l)

T
3 

(n
g/

m
l)

Fig. 4  Quantitative measurements of serum levels of 
insulin (a), testosterone (b), TSH (c), T4 (d), and T3 (e)
in different groups of mice 
Each value represents the mean±SEM (n=8) and different 
labels indicate significant (P<0.05) differences among groups

Fig. 3  Food and water consumption indexes of experi-
mental mice under different treatments 
(a) Average food consumption index=total food consumed
per day/body weight×10; (b) Average water consumption
index=total water consumed per day/body weight×10. Data
are shown as mean±SEM (n=8) and different labels indicate
significant (P<0.05) differences among groups 
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epithelia, along with abnormal cellular attachment in 
the lineage of germ cells, were also noticed at many 
sites in the tubules of treated animals (panels D and 
D1 of Fig. 5). Panels DH1, DH2, H, H1, and H2 of  
Fig. 5 and panels C1, C2, C5, and D3 of Fig. 6 illus-
trate the missing or atrophic germinal stem cells and 
spermatocytes in the DH and H groups, during the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
cell cycle stages I–VI and X of STs. Masses of re-
sidual bodies at stages XI–XII were only seen in the 
DH group (panel C6 of Fig. 6). In comparison to 
treated animals, the testicular cells of control mice 
were well organized, STs were intact, and germinal 
cells maintained their associations (panels C, C1, and 
C2 of Fig. 5). 

Fig. 5  Effects of diabetes and hyperthyroidism on the histoarchitecture of seminiferous tubules in adult mice 
Following fixation, the paraffin-embedded testes were cut perpendicular to the longest axis of the testes at 5-μm thickness, 
mounted on glass slides, and stained with hematoxylin and eosin. Ten consecutive seminiferous tubules from each replicate
were evaluated, following a line from the edge to the center of the cross section of the testis according to a systematic method of 
microscopic analysis. The images pasted with letter C represent control mice, showing the following normal features: ST,
seminiferous tubule; LC, Leydig cells; SC, Sertoli cells; IS, interstitial space; SG, spermatogonia; PS, primary spermatocytes;
S, spermatocytes. The yellow triangular arrow heads show the accumulation of edematous fluid in D, D2, and DH. Missing 
germinal cells and apoptosis have been marked by red triangular arrow heads in DH1, DH2, H, H1, and H2. The black arrows 
indicate the increased sizes of lumina of seminiferous tubules. Representative images were captured at 100× and 400× mag-
nifications. Different markings inside the images were inserted through Adobe Photoshop CS5, and bars are 50 μm in size
(Note: for interpretation of the references to color in this figure legend, the reader is referred to the web version of this article)
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The morphometric assessment of epididymal 
sections showed highly differentiated epithelium 
surrounded by stroma in the caput, corpus (results not 
shown), and cauda of control mice. The spermatozoa 
were seen in the lumen enclosed by pseudostratified 
epithelium, composed of five distinct cell types, i.e., 
principal, basal, halo, apical, and clear cells. The tall 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
columnar cells consist of basally located nuclei and 
are the principal cells. The stereocilia or microvilli 
were prominent as minute cytoplasmic projections at 
the plasma membrane of the caput. The plasma 
membrane of cauda epididymis (CdE) was found 
confined to a good number of clear cells. In STZ- 
diabetic-plus-hyperthyroid-treated mice, the mean 

Fig. 6  Hematoxylin and eosin stained images of testes of STZ- and T4-treated mice at the age of 11 weeks 
These micrographs represent the most frequently observed structural changes inside the seminiferous tubules, evaluated by a 
systematic method of light microscopic examination under 1000× magnification with oil immersion. The images in each 
column represent the different experimental groups, viz., control (C), diabetic (D), diabetic-plus-hyperthyroid (DH), and hy-
perthyroid (H). These photomicrographs show the histopathological changes at different stages of the seminiferous tubule at 
diverse stages in the cycle of spermatogenesis. These stages are marked at the left side of the figure and are denoted according 
to the staging method defined for laboratory mouse (Russell, 1990). Different abbreviated markings and arrows indicate the 
following: SG, spermatogonia; PS, primary spermatocytes; RS, round spermatids; ScN, Sertoli cell nuclei; RB, residual bodies. 
The missing or reduced-size germinal stem cells and spermatocytes are very prominent in C1, C2, C5, D1, D2, and D3 (marked 
with red triangles) and increased luminal sizes of tubules are marked by black arrows. Different markings inside the images 
were inserted through Adobe Photoshop CS5, and bars are 10 μm in size (Note: for interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article) 



Korejo et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol)  2016 17(11):850-863 857

diameter of the proximal caput epididymis (CpE) was 
considerably low (32%), followed by the same in the 
D (21%) and H (9%) groups, compared with the C 
group. However, the lumen diameter of CpE is sig-
nificantly increased in the H group (32%) only, 
compared to all other groups (Table 1). Correspond-
ingly, the diameter of distal CdE was found to be low 
in the DH group (39%), followed by the D group 
(14%), compared to the C group, while the diameter 
of this segment was elevated in the H group (50%) 
compared with DH; however, no statistical difference 
was noticed among the C, D, and H groups of mice. 
Similarly, the lumen diameter of CdE was found to be 
critically diminished in the DH group (62%), fol-
lowed by the D group (18%), compared to the C  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

group; nevertheless, the diameter was still consider-
ably wide in the H group (107%) relative to that of 
DH mice (Table 1). In the D and DH groups of mice, 
no spermatozoa were seen at the proximal CpE (Fig. 7, 
B1, B2, C1, and C2); however, few germ cells could 
be seen in the H animals (Fig. 7, D1 and D2) com-
pared with controls. In contrast, distal cauda segments 
of the epididymis showed spermatozoa in the lumen 
of tubes (Fig. 7, C3, C4, D3, and D4). Comparatively, 
the epididymis of the DH mice was found to be crit-
ically damaged, where the stereocilia of the caput 
were found partially lost, broken, and irregular in 
their structure (Fig. 7, C2). The tubular shrinkage in 
the caput and caudal segments of all treated animals 
caused compaction of the principal and clear cells to  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7  Hematoxylin and eosin stained proximal caput and distal cauda of epididymis of adult mice under different 
treatments 
Each column shows different treatment groups, viz., control (C), diabetic (D), diabetic-plus-hyperthyroid (DH), and 
hyperthyroid (H). Normal findings in control were captured at magnifications of 100× and 400× in A1, A3 and A2, A4, 
respectively. Comparatively, the epididymis of the DH mice was found to be critically damaged, with the caput depicting lack 
of germ cells in the lumen, broken and weak stereocilia (black arrows), and lipid vacuolization (green arrow heads) in the 
principal cells in panels C1 and C2 and inflammatory infiltrations (red arrow heads) were noticed in C1. The round bodies and 
exfoliated germ cells (yellow arrow heads) in C3 and C4, cribriform changes and compaction of clear cells (red arrows) are 
marked in the cauda epididymis in C4 and D4. Bars are 50 μm in size (Note: for interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article) 
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variable degrees in the epithelia, leading to hetero-
chromatic cellular lineage and thickened basement 
membrane. Panels C1 and C2 of Fig. 7 represent lipid 
vacuolizations and inflammatory infiltrations in the 
CpE of DH mice, while the CdE of the same group 
revealed exfoliated cells and round spermatids (Fig. 7, 
C3 and C4). The cribriform changes were more evi-
dent in the DH and H groups in the distal cauda 
segments (Fig. 7, C4 and D4). 
 
 
4  Discussion 
 

This is the first time that the concomitant effects 
of diabetes and hyperthyroidism, as well as their 
subsequent metabolic effects in terms of abnormali-
ties in reproduction and fertility of mice, have been 
investigated. 

STZ-induced diabetes and hyperthyroidism pro-
duce adverse effects on growth and body metabolism 
of the animals by decreasing their absolute weights. 
This confirms the anabolic role of insulin and T4 as 
catabolic hormones. Similarly, lower body weights 
have been reported in nude mice following STZ in-
jection (Graham et al., 2011). The hyperthyroid mice 
consumed more but gained less, which is because of 
hyperthyroidism; hyperthyroidism has been shown to 
cause reduction of weights mainly due to the catabolic 
effects on adipose and muscle tissues (Iwen et al., 
2013). In our study, the body weights of the mice 
within treated groups at different time points were 
nonsignificantly decreased from the start of treatment 
until 2–3 weeks of study. These results suggest that 
STZ and LT4 may not have a direct effect on the body 
weight of animals. 

Decreased relative testicular weights were  
observed in hyperthyroid and STZ-diabetic-plus- 
hyperthyroid mice in our study. Similarly, larger 
thyroid hormone doses were reported to result in 
decreased weights of testes and seminal vesicles 
(Krassas et al., 2010). Our results showed decreased 
testicular weights (26%) in all diabetic mice. Simi-
larly, in adult IRS2 (Insulin Receptor Substrate 2) 
deficient mice (8–12 weeks of age), reduced testicular 
weight (45%) was reported (Griffeth et al., 2013). 
Furthermore, reduced testicular weights were also 
observed in Akita homozygous mice at the age of  
9 weeks (Schoeller et al., 2012).  

The STZ-induced diabetes, individually and 
concomitantly with hyperthyroidism, produced in-
hibitory effects on the absolute weight of the epidi-
dymis. Consistent atrophic changes in the epididymis 
were found in STZ-diabetic animals by other inves-
tigators (Soudamani et al., 2005; Navarro-Casado et al., 
2010). 

Following STZ injection, the nonfasting blood 
glucose level significantly increased in all diabetic (D 
and DH) animals. Similar findings were reported 
earlier (Kianifard et al., 2012). Moreover, DH mice 
showed higher levels of glucose at 3 weeks of treat-
ment in comparison to euthyroid diabetic animals. 
However, the control and the hyperthyroid mice did 
not develop any statistically significant difference 
during the study period. The increment of blood 
glucose at a time point in DH mice might be due to 
thyrotoxicosis, which previously has been reported to 
cause increased gluconeogenesis and reduced glyco-
gen synthesis in subclinical and overt hyperthyroid 
animals (Maratou et al., 2010). These findings sug-
gest that in the long run, there is no significant effect 
of hyperthyroidism on random blood glucose level. 
However, thyroid hormones can produce transient 
effects on blood glucose homeostasis by altering the 
serum blood glucose levels in diabetic patients. Fur-
thermore, the blood glucose levels were found to 
constantly increase in D and DH mice from the point 
of injection till the end of the study period. This 
suggests that STZ may not have a direct effect on the 
blood glucose level of the animals. 

This work revealed higher food and water con-
sumption in diabetic mice as compared to the mice  
in the control group, which is in agreement with pre-
viously reported studies (Hayashi et al., 2006; 
Akbarzadeh et al., 2007). However, hyperthyroidism 
resulted in increased food and water consumption 
when induced concomitantly with diabetes only. 
These findings are consistent with previous reports 
(Messarah et al., 2011). 

Hyperthyroidism, when induced concomitantly 
with STZ-induced diabetes, can change the levels of 
various hormones (insulin, testosterone, TSH, T4, and 
T3). We found that nonfasting serum insulin concen-
tration was markedly reduced in euthyroid D and DH 
mice. The ddY strain mice showed slightly decreased 
insulin levels over time, following induction of 
STZ-DM (Hayashi et al., 2006). We found virtually 
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normal insulin levels in hyperthyroid mice, which 
were in line with the results of previous researchers 
(Roubsanthisuk et al., 2006). Our data are in agree-
ment with previous findings (O'Meara et al., 1993) 
suggesting that the disturbed serum insulin levels in H 
mice could be due to different degrees of insulin re-
sistance and the half-life of that hormone inside the 
body. 

In this study, the serum testosterone levels were 
severely decreased in diabetic mice. Similarly, re-
duced levels of testosterone and luteinizing hormone 
(LH), along with normal follicle-stimulating hormone 
(FSH), have been reported earlier in Akita homozy-
gous mice (mutant at ins2 gene) in comparison to 
wild-type animals (Schoeller et al., 2012). Insulin is 
known to affect the hypothalamic-pituitary axis, 
which can alter serum levels of hormones important 
in spermatogenesis (Bucholtz et al., 2000). Decreased 
levels of FSH and LH, with nonsignificantly decreased 
testosterone, have been reported in STZ-diabetic 
adult rats (Kianifard et al., 2012). Per se, it could be 
assumed that the lack of insulin in diabetic mice 
might have reduced the production of pituitary hor-
mones, particularly gonadotropins, and caused the 
resultant reduced fertility in animals. Our data 
showed that hyperthyroidism significantly enhanced 
the testosterone level in diabetic mice (DH) compared 
with euthyroid D and C mice, and this increment was 
more profound in the mice of the H group. The 
steroidogenic enzymes responsible for androgen bi-
osynthesis are regulated directly or indirectly through 
thyroid hormones (Cortés et al., 2014). The numbers 
of LH receptors and the steroidogenic regulatory 
proteins and enzymes are directly affected by T3 
hormone. Steroidogenic factor-1 acts as a mediator 
for T3-induced Leydig cell steroidogenesis (Manna  
et al., 2001; Maran, 2003). T3 has been proven to 
induce Leydig cell differentiation and to stimulate 
steroidogenesis in the rat testis (Mendis-Handagama 
and Siril Ariyaratne, 2005). Increased testosterone 
level has been shown by in vitro incubation of hy-
perthyroid rats’ Leydig cells (Schneider et al., 1979). 
Decreased FSH level, either via direct pituitary  
inhibition or via hastened metabolism, has been re-
ported in hyperthyroid rats, which indicates that the 
thyroid hormone may stimulate intratesticular 17β- 
hydroxysteroid dehydrogenase (Schneider et al., 1979). 
Thyroid hormones can directly affect the sensitivity 

of gonadotrophs toward gonadotropin-releasing hor-
mone (GnRH) and consequently interfere in their 
production pathways (Krassas et al., 2010). 

Unmanaged prediabetes, both type 1 and type 2, 
may induce a “low T3 state”, characterized by re-
duced serum T3 levels, but nearly normal T4 and TSH 
levels (Donckier, 2003). Our study revealed that total 
serum TSH levels were virtually normal in both dia-
betic and control groups, while it was markedly re-
duced in the H group of mice. These findings are in 
agreement with previous reports (Kim et al., 2012). 
Conversely, reduced levels of T3 and T4 have also 
been reported in outdoor human patients (Mouradian 
and Abourizk, 1983; Radetti et al., 1994). Likewise, 
we noticed reduced levels of serum total T4 in eu-
thyroid diabetic mice. However, our results verified 
that when hyperthyroidism was induced concurrently 
with diabetes, it dominantly raised the values of T4 
compared to the levels in euthyroid diabetic animals. 
Similarly, higher values were also noticed in H mice. 
Our previous work has shown augmented values of 
total T3, T4, and estradiol (E2) levels in hyperthyroid 
female rats at postnatal days 10 and 21 (Fedail et al., 
2014). LT4 has been found to enhance serum T3 and 
T4 levels in adult male rats (Kim et al., 2012). 

We have found great discrepancy in published 
data, regarding normal total T4 levels of mouse and 
rat. In books, it ranges from 10–80 ng/ml (Foster  
et al., 1983) to (4700±300) ng/ml (Delahunty and 
Beamer, 2007). However, the published data of re-
search articles after 2010 show the total T4 level in 
control subjects as ranging from (13.0±3.92) ng/ml 
(Sahoo and Roy, 2012) to (39 280.0±11 970) ng/ml 
(Kim et al., 2012). Such enormous differences in data 
might be due to the use of different blood samples 
such as serum or plasma and diverse analytical kits 
such as RIA and enzyme-linked immunosorbent as-
say (ELISA). 

T3 values were considerably diminished in DH 
mice, while no apparent variation has been estab-
lished among other experimental groups. DM in-
fluences the assessment of thyrotoxicosis by falsely 
decreasing the blood levels of T4 and T3 during 
severely uncontrolled hyperglycemia (Mouradian 
and Abourizk, 1983). However, significantly re-
duced T3 level has also been reported 12 h after 
desistance of insulin treatment in a diabetic patient 
(Chopra, 1976). 
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We have reported the novel concomitant STZ- 
diabetes-and-hyperthyroidism-induced histomorpho-
logical changes in the testicular and epididymal tis-
sues in mice. In our experiment, the control group 
revealed well-organized testicular cell association 
inside the STs, with intact and regular epithelia. 
However, pathological changes such as increased 
luminal sizes of STs, with low cellular densities of 
variable degrees, were seen amid different groups. 
The stroma surrounding the STs of diabetic mice 
showed edematous fluid and amorphous material. In 
our study, reduced epithelial height and germ cell 
populations with abnormal cellular lineage were rec-
orded in the STs of diabetic groups. Moreover, 
missing spermatogonia, primary spermatocytes, and 
secondary spermatocytes were also observed in the 
STs of DH animals. Similar changes in the histoar-
chitecture of testes and disruption of spermatogenesis 
in adult rats following single intraperitoneal injection 
of STZ have also been reported by previous re-
searchers (Zhao et al., 2003; Kianifard et al., 2012). 
Furthermore, supportive evidences for the cellular 
abnormalities and irregular epithelial lining of STs 
under thyroid malfunction are available only in neo-
natal or prepubertal rodents (Lagu et al., 2011; Oatley 
et al., 2011). 

The epididymis, being an important part for the 
maturation and motility of spermatozoa, remains under 
the influence of the direct and indirect pathological 
conditions of testes. Our study has revealed profound 
adverse effects of STZ-diabetes-plus-hyperthyroidism 
on the epididymis. Atrophic changes leading to con-
traction of epididymal sections, along with inflamed 
epithelial masses, were observed. STZ-diabetes and 
hyperthyroidism decreased the mean tubular diame-
ters of CpE and CdE. The hyperthyroidism-plus- 
STZ-diabetes group showed segment-specific effect, 
as the reduction in diameter and luminal space was 
more pronounced in the CdE as compared to the caput 
region. No spermatozoa in the proximal CpE of D or 
DH groups were seen; however, few germ cells were 
present in the H group of mice. Similar histological 
changes under the influence of short-term STZ-induced 
diabetes have been reported in prepubertal Wistar rats 
(Soudamani et al., 2005; de Grava Kempinas and 
Klinefelter, 2014). T4 treatment in prepubertal and 
adult rats showed fluctuations in the concentrations of 
different lipid classes in epididymal-specific regions, 
which indicated fertility disturbances in male animals 

during hyperthyroidism (Pereira et al., 1984). Posi-
tive correlations between vascular endothelial growth 
factor receptor 2 (VEGFR2), VEGF-A and triglyc-
eride levels have been reported to cause lipid abnor-
malities in diabetes (Ruszkowska-Ciastek et al., 2014). 
In our study, thyrotoxicosis along with STZ-induced 
diabetes pronouncedly affected the histoarchitecture 
of the epididymal tube, in terms of reduced germ cell 
population, loss of stereocilia, clumping of epithelial 
cells, and lipid vacuolization along with inflamma-
tory infiltrations, exfoliated cells, and round sperma-
tids with cribriform changes. All these findings were 
also revealed to a lesser degree in diabetic and hy-
perthyroid animals, which, plausibly, indicated male 
infertility. Our results are in agreement with the result 
of previous researchers (Kühn-Velten et al., 1984; 
Singh et al., 2009; Navarro-Casado et al., 2010), who 
studied STZ-induced diabetes and thyroid alterations 
individually, in terms of reduced epididymal weight 
and lumen diameter at different segments with varia-
ble degrees and the ages of the animals. Some of them 
showed that epididymal changes are produced through 
the indirect deficiency of androgen hormone. Our 
study showed minor effects on the histology of epi-
didymal segments in STZ-diabetic and hyperthyroid 
control groups. However, we demonstrated that dia-
betes together with hyperthyroidism can significantly 
affect the level of testosterone and lead to severe 
damages in the histomorphometric organization of the 
epididymis of adult animals. Similarly, increased 
testosterone level has long been shown following T4 
administration (Schneider et al., 1979). Furthermore, 
defective sexual development has been noticed due to 
alteration in LH pulse frequency, in the presence of 
high level of testosterone (Chandrasekhar et al., 
1985). These results suggest that altered testosterone 
level in the blood can produce detrimental changes in 
the microenvironment of the epididymis. 

 
 

5  Conclusions 
 

Herein, we conclude that ICR mice can better 
serve as a model for polyglandular syndrome, partic-
ularly when STZ-induced diabetes is to be induced 
concomitantly with hyperthyroidism. The results of 
this study provided the evidence that such syndromes 
produce distinct influence on the food and water 
consumption, blood glucose level, and weights of 
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testes and epididymides in adult mice. Likewise, we 
determined that thyrotoxicosis, independently and 
concomitantly with diabetes, affects the levels of 
insulin, testosterone, TSH, T4, and T3 hormones. The 
histomorphometric analysis in this experiment showed 
deleterious effects on testicular and epididymal tis-
sues, particularly during concurrent presence of dia-
betes and hyperthyroidism. This study revealed in-
creased luminal size with low cellular density in the 
STs of different groups. The stroma surrounding the 
STs of diabetic mice showed edematous fluid and 
amorphous material. In the epididymis, germ cell 
depletion, shrinkage of tubules, packed principal and 
clear cells, lipid vacuolization, abnormal cellular 
attachment, damaged epithelia with inflammatory and 
cribriform changes, exfoliated epithelial cells, and 
round spermatids were prominent in DH mice. We 
demonstrated that diabetes together with hyperthy-
roidism can significantly elevate testosterone level 
and lead to severe effects in terms of the histomor-
phometry of the epididymis in adult animals. Collec-
tively, this experiment endeavored to mimic the 
polyglandular autoimmune syndrome, which will be 
helpful in better understanding the reasons for male 
infertility in diabetic-cum-hyperthyroid patients. 
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中文概要 
 

题 目：并发糖尿病和甲状腺功能亢进对雄性动物睾丸和

附睾组织形态学及类固醇激素合成的作用 
目 的：评估糖尿病和甲状腺功能亢进对雄性动物睾丸和

附睾组织形态学及类固醇激素合成的影响，并初

步探讨其作用机制。 
创新点：以小鼠为模型，首次研究并发糖尿病和甲状腺功

能亢进对雄性哺乳动物睾丸、附睾发育和类固醇

激素合成的影响。 
方 法：32 只 ICR 品系小鼠分为四组：对照组（C）、糖

尿病组（D）、糖尿病+甲亢组（DH）和甲亢组

（H）。D 组小鼠以 200 mg/kg 剂量单次腹膜内注

射链脲佐菌素（STZ），诱导糖尿病成功。另对

其中一半以 0.3 mg/kg 剂量每天注射甲状腺素，

组成 DH 组。小鼠试验结束后，采集睾丸、附睾

和血液，并离心分离获得血清。睾丸和附睾用 4%
（0.04 g/ml）多聚甲醛固定，并用苏木精-伊红染

色法（H & E）观察睾丸和附睾组织形态学变化，

用放射免疫测定（RIA）试剂盒检测血清中睾酮、

促甲状腺激素（TSH）、胰岛素、甲状腺素（T4）
和三碘甲状腺原氨酸（T3）的含量并进行分析。 

结 论：D 和 DH 组小鼠的体重、睾丸和附睾的重量显著

降低。相比于正常甲亢或糖尿病小鼠，DH 组中

血糖水平显著升高。甲状腺激素可能是通过改变

糖尿病患者的血清血糖水平对血糖稳态产生瞬

时影响。 组织形态学分析结果显示，在 DH 和 H
组小鼠睾丸中，输精管管腔增大，上皮厚度减少，

睾丸生殖干细胞发生萎缩性变化。DH 组小鼠的

附睾头呈现主细胞压实、纤毛、脂质空泡化和炎

症浸润现象。在附睾尾部观察到了小管完整性受

损、透明细胞聚积和细胞脱落，并发现圆形精子。

对于 DH和 H组，甲亢提高了小鼠血清睾酮水平，

并损害了附睾的组织形态。总之，本试验模拟了

多腺体自身免疫综合征对雄性繁殖的影响，这将

有助于更好地了解男性并发糖尿病和甲亢患者

不育的原因。 
关键词：糖尿病；甲亢；睾丸和附睾形态 


